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Constraints on the 22Ne(α,n)25Mg s-process neutron source from analysis of natMg+n
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(Dated: September 25, 2018)
The 22Ne(α,n)25Mg reaction is thought to be the neutron source during the s process in massive
and intermediate mass stars as well as a secondary neutron source during the s process in low mass
stars. Therefore, an accurate determination of this rate is important for a better understanding
of the origin of nuclides heavier than iron as well as for improving s-process models. Also, the
s process produces seed nuclides for a later p process in massive stars, so an accurate value for
this rate is important for a better understanding of the p process. Because the lowest observed
resonance in direct 22Ne(α,n)25Mg measurements is considerably above the most important energy
range for s-process temperatures, the uncertainty in this rate is dominated by the poorly known
properties of states in 26Mg between this resonance and threshold. Neutron measurements can
observe these states with much better sensitivity and determine their parameters (except Γα) much
more accurately than direct 22Ne(α,n)25Mg measurements. I have analyzed previously reported
natMg+n total and 25Mg(n,γ) cross sections to obtain a much improved set of resonance parameters
for states in 26Mg between threshold and the lowest observed 22Ne(α,n)25Mg resonance, and an
improved estimate of the uncertainty in the 22Ne(α,n)25Mg reaction rate. For example, definitely
two, and very likely at least four, of the states in this region have natural parity and hence can
contribute to the 22Ne(α,n)25Mg reaction, but two others definitely have non-natural parity and so
can be eliminated from consideration. As a result, a recent evaluation in which it was assumed that
only one of these states has natural parity has underestimated the reaction rate uncertainty by at
least a factor of ten, whereas evaluations that assumed all these states could contribute probably
have overestimated the uncertainty.
I. INTRODUCTION
During helium-burning and, perhaps, carbon-burning
phases in massive and intermediate mass stars, the
22Ne(α,n)25Mg reaction is thought to be the neutron
source driving the synthesis of nuclides in the A≈60-
90 mass range during the slow-neutron-capture (s) pro-
cess [1, 2]. The s process in these stars also can mod-
ify the abundances of several lighter nuclides. The
22Ne(α,n)25Mg reaction also acts as a secondary neu-
tron source during the s process in low-mass asymp-
totic giant branch (AGB) stars during which roughly half
the abundances of nuclides in the A≈90 - 209 range are
thought to be synthesized [3]. Although the overall neu-
tron exposure due to this reaction in AGB stars is much
smaller than that due to 13C(α,n)16O, the neutron den-
sity as well as the temperature are much higher during
the 22Ne(α,n)25Mg phase, resulting in important modifi-
cations to the final s-process abundances. Massive stars
during their later burning stages are also the leading can-
didates for the production of the rare neutron-deficient
isotopes of nuclides in the A&90 mass range through the
so-called p process. Because the s process in these stars
produces seed nuclides for a later p process, the size of
the 22Ne(α,n)25Mg reaction rate used in the stellar model
can have a significant effect on the predicted abundances
of the p isotopes [4].
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There have been several attempts to determine the rate
for this reaction either through direct 22Ne(α,n)25Mg
measurements [5, 6, 7, 8, 9] or indirectly via
26Mg(γ,n)25Mg [10] or charged-particle transfer reac-
tions [8]. However, direct measurements have suffered
from relatively poor resolution as well as the fact that
the cross section is extremely small at the lower ener-
gies corresponding to s-process temperatures. Indirect
methods have also suffered from limited sensitivity and
relatively poor resolution. This rate, in principle, could
be determined via the inverse 25Mg(n,α)22Ne reaction,
but the small size of the cross section in the relevant
energy range makes these measurements exceedingly dif-
ficult, so no results have been reported. As a result,
various evaluations [7, 11, 12, 13] of this rate show con-
siderable differences and all but the most recent [9] rec-
ommend uncertainties much larger than needed to ad-
equately constrain astrophysical models. Because the
lowest observed resonance (Eα=832 keV, which corre-
sponds to En=235 keV in the inverse reaction) in di-
rect 22Ne(α,n)25Mg measurements is considerably above
the most important energy range for s-process temper-
atures, the uncertainty in this rate is dominated by the
poorly known properties of states in 26Mg between this
resonance and threshold. Because both 22Ne and 4He
have Jpi=0+, only natural parity (0+, 1−, 2+..) states
in 26Mg can participate in the 22Ne(α,n)25Mg reaction,
so only a subset of 26Mg states in the relevant energy
range observed via neutron reactions can contribute to
the reaction rate. Most evaluations have made the as-
sumption that either all, or only one, of the known states
[14, 15] in this region can contribute to the reaction rate.
2For example, in the recent NACRE [13] evaluation, all
known states in this region were considered when calcu-
lating the uncertainty whereas in the most recent report
[9] only one state was assumed to have natural parity. As
a result, the recommended uncertainties in the NACRE
evaluation are much larger than those in Ref. [9]. For
example, at T=0.2 GK, the NACRE uncertainty is ap-
proximately 300 times larger than that given in Ref. [9].
Much of the information about states in 26Mg in the
relevant energy region comes from neutron measurements
[16, 17, 18]. In principle, the combination of neutron to-
tal and capture cross section measurements on 25Mg can
determine all of the relevant resonance parameters (E r,
Jpi, Γn, and Γγ ) except Γα with much better sensitiv-
ity and to greater precision than other techniques. Both
high-resolution natMg+n total and 25Mg(n,γ)26Mg cross
sections have been reported [18] and some resonance pa-
rameters were extracted from these data. However, the
resonance analysis was rather limited and it is possible to
extract much more information using current techniques.
For example, resonance shapes and peak heights in the
total cross section should allow the extraction of J pi val-
ues, but no definite assignments were made in Ref. [18]
for states in 26Mg. Also, it should be possible to deter-
mine the partial widths for many of the resonances, but
only five Γn and no Γγ values were reported for the 17
25Mg+n resonances reported in Ref. [18]. Partial width
information can be particularly valuable in assessing the
relative strengths of the competing 22Ne(α,n)25Mg and
22Ne(α,γ)26Mg reactions in stars, and hence the effi-
ciency of the s-process neutron source.
I have analyzed previously reported [18] natMg+n to-
tal and 25Mg(n,γ)26Mg cross sections using the multi-
level, multi-channel R-matrix code SAMMY [19] to
obtain a much improved set of resonance parameters
for states from threshold through the lowest observed
22Ne(α,n)25Mg resonances. In the next section, I de-
scribe the data and analysis technique used. In sec-
tion III, I compare the new results to previous anal-
yses of neutron data as well as resonance parameter
information from 22Ne(α,n)25Mg, 26Mg(γ,n)25Mg, and
22Ne(6Li,d)26Mg measurements. In section IV, I use
the new resonance parameters together with recently re-
ported [9] upper limits for the 22Ne(α,n)25Mg cross sec-
tion to compute the uncertainty in this rate at s-process
temperatures. I conclude that the most recent report [9]
of this reaction rate has underestimated the uncertainty
by at least a factor of 10 and that high resolution 25Mg+n
total cross section measurements would be invaluable in
further refining the uncertainty in this important reac-
tion rate.
II. DATA AND R-MATRIX ANALYSIS
The best data for the present purposes are those of
Ref. [18]. The data consist of very high resolution
natMg+n total and high-resolution 25Mg(n,γ)26Mg cross
sections measured using time-of-flight techniques at the
white neutron source of the Oak Ridge Electron Linear
Accelerator (ORELA) facility [20, 21, 22]. Total cross
sections were measured using a relatively thick (0.2192
at/b) metallic Mg sample and a plastic scintillator de-
tector on a 200-m flight path. The neutron capture mea-
surements were made using a thin (0.030 at/b), 97.87%
enriched sample on a 40-m flight path, and employed the
pulse-height weighting technique using fluorocarbon scin-
tillators to detect the γ rays. Although total cross section
measurements have been reported [16] using an enriched
25Mg sample, the data are of much lower resolution and
precision than those of Ref. [18].
The original, unaveraged natMg+n transmission data
were obtained [23] to preserve the best resolution so that
the best possible parameters could be obtained from fit-
ting the data. The data between resonances were av-
eraged to speed up the fitting process. Only a subset of
the 25Mg(n,γ)26Mg data, corresponding to energy regions
near the resonances reported in Ref. [18] and extending
to only En=275 keV, could be located [24]. These data
were corrected by a factor of 0.9325 as recommended in
Ref. [25]. The 24,26Mg(n,γ)25,27Mg data of Ref. [18]
could not be found.
The data were fitted with the R-matrix code SAMMY
[19] to extract resonance parameters. All three stable Mg
isotopes were included in the analysis because the sample
for the total cross section measurements was natural Mg
(78.99% 24Mg, 10.00% 25Mg, and 11.01% 26Mg). Orbital
angular momenta up to and including d -waves were con-
sidered. Radii of 4.9 fm were used in all 25Mg+n channels
as well as the 24Mg+n d -wave channels, and a radius of
4.3 fm was used in all 26Mg+n channels. Because 24Mg
is the major isotope in natural Mg and because the s-
and p-wave penetrabilities are considerably larger than
d -wave at these energies, the s- and p-wave radii for
24Mg+n were allowed to vary while fitting the total cross
sections. The fitted radii were 5.88 fm and 4.17 fm for
s- and p-waves, respectively, in 24Mg+n. All resonances
up to the highest energy given in Ref. [18] (1.754 MeV)
were included in the R matrix although I did not at-
tempt to fit the total cross section data above 500 keV
because the unavailability of 25Mg(n,γ)26Mg data above
275 keV made it increasingly difficult to assign 25Mg+n
resonances at the higher energies. The parameters of Ref.
[18], supplemented by those in Ref. [14] in some cases,
were used as starting points in the fitting process.
The starting parameters required considerable adjust-
ments in some cases to fit the data. Some of these dif-
ferences probably can be ascribed to the Breit-Wigner
fitting approach of Ref. [18]. The resulting parameters
are given in Tables I, II, and III. All parameters for all
observed resonances are included in these tables, even
those that are not well determined, so that the present
results could be duplicated if necessary. The natMg+n
and 25Mg(n,γ)26Mg data of Ref. [18] and the SAMMY
fits are shown in Figs. 1 and 2, respectively.
3TABLE I: 24Mg+n resonance parameters.
En (keV) l 2J
pi Γγ (eV) gΓn (eV)
46.347±0.016 (1) (1−) 1.83a 1.556±0.089
68.529±0.024 (1) (1−) 3b 5.60±0.22
83.924±0.031 1 3− 4.7a 8007.0±5.0
176.700c (1) (1−) 3b 0.314d
257.18±0.12 (2) (3+) 1.13a 26.9±1.0
266.10±0.12 1 1− 5.2a 80216±41
431.07±0.23 1 3− 7.0a 30082±22
475.35±0.27 2 5+ 1.04a 13.8±1.3
498.27±0.28 1 3− 0.38a 520.0±4.6
aGamma width calculated to yield the corrected [25] capture ker-
nel given in Ref. [18].
bAssumed gamma width. See text for details.
cFrom Ref. [18]. Not observed in this work. See text for details.
dNeutron width calculated to yield the corrected [25] capture ker-
nel given in Ref. [18].
TABLE II: 26Mg+n resonance parameters.
En (keV) l 2J
pi Γγ (eV) gΓn (eV)
68.7a (1) (1−) 3b 0.070c
219.39±0.11 2 3+ 1.78d 101.5±4.0
295.91±0.15 1 3− 3b 66920±170
427.38±0.25 (0) (1+) 4.3d 3170±160
430.88±0.33 (1) (1−) 4.2d 25990±290
aFrom Ref. [18]. Not observed in this work. See text for details.
bAssumed gamma width. See text for details.
cNeutron width calculated to yield the corrected [25] capture ker-
nel given in Ref. [18].
dGamma width calculated to yield the corrected [25] capture ker-
nel given in Ref. [18].
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FIG. 1: natMg+n total cross section data (points with error
bars) from Ref. [18] (as transmissions) and SAMMY fit (solid
curve).
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FIG. 2: 25Mg(n,γ) cross section data [18] (points with error
bars) and SAMMY fit (solid curves).
Although I did not have 24,26Mg(n,γ)25,27Mg data to
fit, the gamma widths for the strong resonances and the
neutron widths for the weak resonances presented herein
were calculated to be consistent with the corrected [25]
neutron capture data of Ref. [18]. For strong resonances
that were clearly visible in the total cross section data,
the Γγ values in Tables I and II were calculated to yield
the corrected [25] capture kernels (gΓnΓγ/Γ) given in
Ref. [18]. Because Γn >> Γγ for these resonances, the
choice of Γγ has negligible effect on the fit to the total
cross section data. For weak resonances not visible in the
total cross section, I used Γγ = 3.0 eV and the corrected
[25] capture kernels of Ref. [18] to calculate the neutron
widths. I used Γγ = 3.0 eV because it appears to be
close to the average gamma width for these nuclides. In
these cases, it is clear that the neutron widths are fairly
4TABLE III: 25Mg+n resonance parameters.
En (keV) l J
pi Γγ (eV) 2gΓn (eV) Γ (eV)
This Work Ref. [15] Ref. [18] Ref. [9] Ref. [10] This Work Ref. [18] Ref. [9]
19.880±0.014 19.7±0.2 19.90a 0 2+ 1.732±0.031 2148±20 2580±24
51±6
62.738±0.023 62.5±0.2 62.88 60±10 62.4 1b 1−b 4.79±0.29 7.2±2.1 19.2±4.2 24.6±2.2
72.674±0.042 73.1±0.5 73.3 72.3 0 2+ 4.56±0.29 3870±83 4650±100 7600±1100
79.30±0.15 79.4±0.2 79.6 0 3+ 6.17±0.24 2700±180 2320±150 1910±140
81.13±0.14 81.2±0.7 81.35 (2) (2+) 3c 1.20±0.13 <75 20.3±2.6
93.61±0.17 93.6±0.2 93.8 (1) (1−) 3c 0.270±0.044 <77
100.007±0.050 99.6±0.2 99.8 0 3+ 2.92±0.18 6074±85 5210±73
102±2
105.5±0.2 105.8
156.169±0.076 156.3±0.2 156.5 (1)f 2(−) 7.42±0.60 3759±89 4520±110
188.334±0.081 188.6±0.2 188.9 0 (2)+ 3.24±0.35 450±43 543±52
194.502±0.085 194.0±0.2 194.2 (1) 4(−) 0.59±0.24 2270±51 1514±34
200.285±0.097 204 1 1−d 0.79±0.46 628±50 1257±100
201.062±0.095 201.3±0.3 201.6 (2) (2+)e 4.26±0.60 10.7±5.0 17.1±6.0
203.86±0.44 204.0±0.3 204.3 (1) (2−) 3c 1.28±0.38 <32
211.20±0.11 209.8±0.5 210 (1)f (3−) 3.31±0.73 9400±140 8060±120 2630±230
226.19±0.50 226.7±0.5 227 (1) (1−) 3c 0.56±0.20 <56
242.45±0.55 (1) (1−) 3c 0.30±0.16 <43
244.58±0.12 244.7±0.5 245 235±2 250 1g 1− 3.63±0.47 212±43 428±86 250±170
245.57±0.56 245±2 (1) (1−) 3c 1.40±0.50 <34
253.67±0.58 (1) (1−) 3c 0.71±0.28 <48
261.00±0.14 260.7±0.5 261 0 (2+) 1.18±0.27 128±35 155±42
261.9±0.14 (1) 4(−) 1.82±0.38 6200±280 4140±190
279.8±0.6
282.8±0.6
290.7±0.6
311.56±0.15 311.7±0.6 (2) 5(+) 3c 532±35 293±19
345.7±0.7
361.88±0.19 360.7±0.7 362±2 2g 4+ 3c 2200±120 1470±80 2100±900
379±2
387.35±0.21 385.8±0.8 383±2 3g 5− 3c 12000±160 6550±87 9300±2500
aAttributed to Ref. [17] in Ref. [18].
bSpin and parity assignment based on Ref. [10].
cAssumed gamma width. See text for details.
dParity assignment based on Ref. [10].
eJ¿1.
fl¿0.
gAssigned natural parity because observed in 22Ne(α, n)25Mg.
small. I also used Γγ = 3.0 eV for those cases where
neither capture kernels nor Γγ values were given in Refs.
[14, 18]. Because the neutron widths for these resonances
are large, any physically reasonable choice of Γγ could be
used to fit the total cross section data. I also used Γγ =
3.0 eV in those cases where resonances were visible only
in the 25Mg(n,γ)26Mg data and fitted the data to obtain
the neutron widths. In these cases, only the capture ker-
nels are well determined, so the individual Γγ and 2gΓn
values given in Table III are rather arbitrary. However,
the widths of peaks in the neutron capture data and/or
the total cross section data can be used to set limits on
neutron, and hence the total, widths in these cases. For
these cases, the tenth column in Table III lists the limits
on the total widths rather than the actual total widths
(Γγ + Γn) used to fit the data.
One-standard-deviation uncertainties in the partial
widths determined in fitting the data are also given in
Tables I, II, and III. Uncertainties in the partial widths
were added in quadrature to obtain uncertainties in the
total widths. Uncertainties in the resonance energies are
dominated by the flight path length uncertainty, ∆d≈3
cm. Because the flight path length for neutron capture
was shorter than that for the total cross section mea-
surements, energy uncertainties for resonances observed
only in the neutron capture data are correspondingly
larger. Weak and very broad resonances can also have
additional nonnegligible uncertainties in their energy as-
sociated with the fitting process. The two uncertainties
were added in quadrature to obtain the values given in
Tables I, II, and III.
If the neutron width of a resonance is large enough,
then it is possible to discern its spin and/or parity. For
example, s-wave resonances have a characteristic asym-
5metric shape in the total cross section due to interference
with potential scattering. On this basis, the 25Mg+n res-
onances at En=19.880, 72.674, 79.30, 100.007, 188.334,
and 261.00 keV definitely can be assigned as being s
wave. Similarly, although it is not possible to discern
the parity of the 25Mg+n resonances at En=156.169 and
211.20 keV, they are definitely not s wave. In addi-
tion, the spins of the 25Mg+n resonances at En=19.880,
72.674, 79.30, 100.007, 156.169, 194.502, 200.285, 244.58,
261.90, 311.56, 361.88, and 387.35 keV definitely can be
assigned by virtue of the heights of the peaks in the to-
tal cross section (depths of the dips in the transmission
spectrum).
For the present application, it is important to iden-
tify natural parity resonances in 25Mg+n because only
they can participate in the 22Ne(α,n)25Mg reaction. On
the basis of the neutron data alone, there are at least 16
states in 26Mg between threshold and the lowest observed
22Ne(α,n)25Mg resonance, two of which (En=19.880 and
72.674 keV) definitely have natural parity and two others
(En=79.30 and 100.007 keV) definitely have non-natural
parity. From the present analysis, together with informa-
tion from 26Mg(γ,n)25Mg measurements [10], two more
(En=62.738 and 200.285 keV) of the states in this region
can be assigned as natural parity. In the next section,
this and other issues arising from comparisons to previ-
ous work are discussed.
III. COMPARISON TO PREVIOUS WORK
The 24,26Mg+n resonance parameters of the present
work are, with a few notable exceptions, in agreement
with those of Refs. [14, 18, 25] to within the exper-
imental uncertainties. Exceptions include the 24Mg+n
resonance at 46.347 keV which was previously assigned
as a definite 32
+
[14]. This resonance is so weak in the
total cross section that it was not possible to make a
firm Jpi assignment in the present work. In addition, I
find that the width of the 24Mg+n resonance at 498.27
keV is almost 10 standard deviations larger than given
in Refs. [14, 18]. Also, the neutron width (and hence the
total width) of the 26Mg+n resonance at 219.39 keV was
found to be four times smaller in the present work than
that given in Refs. [14, 18]. Also, a broad 12
(−) 26Mg+n
resonance at En=300±4 keV is listed in Ref. [14] but
not in Ref. [18]. I find that the fit to the total cross
section data is much improved if a 26Mg+n resonance
is included with an energy and width in agreement with
those give in Ref. [14], but only if Jpi= 32
−
. In addition,
the 68.529-keV resonance listed in Table I has not been
noted in any previous study but is clearly visible in the
total cross section data. This resonance should be visible
in the isotopic (n,γ) data, but the data are not avail-
able in this energy range for 25Mg, or at all for 24,26Mg,
so I tentatively assign this resonance to 24Mg+n. The
neutron width is clearly too large to correspond to the
68.7-keV resonance attributed to 26Mg+n in Ref. [18].
Finally, this latter resonance as well as the 176.7-keV
resonance in 24Mg+n were not visible in the total cross
section, but they are included in Tables I and II in the
interest of completeness.
The 25Mg+n parameters extracted in the present work
are compared to parameters resulting from a previous
analysis of these same data [18] as well as to information
from 26Mg(γ,n)25Mg [10] and 22Ne(α,n)25Mg [9] mea-
surements and to a recent compilation [15] in Table III.
Unless otherwise noted, the parameters in Table III are
from the present work. To aid the comparison between
the various experiments, the energies of Refs. [9, 10, 15]
have been converted to laboratory neutron energies using
the Q-values given in Ref. [15].
Overall, there is fairly good agreement between the re-
sults of the present work and previous studies although,
except for excitation energies, there is sparse information
about states in 26Mg in this energy range from previous
work. In order of increasing energy, important correspon-
dences with and differences between the present and pre-
vious work are outlined in the next several paragraphs.
A. Neutron resonances below the lowest energy
22Ne(α,n)25Mg resonance
One of only two definite Jpi assignments in this energy
range was made in Ref. [17] at En=19.9 keV. This as-
signment is confirmed in the present work although the
width needed to fit the data is considerably larger than
given in Ref. [17].
A natural-parity state at Ex=11142 keV (En=51 keV)
tentatively assigned in Ref. [15] was not observed in
this work. This state has been shown [7] to be an er-
roneous assignment [5, 6] due to background from the
11B(α,n)14N reaction.
Resonances at En=62.738 and 72.674 keV correspond
well with the EL=54.3- and 63.2-keV (En=62.4 and 72.3
keV according to equations 7 and 8 in Ref. [26]) res-
onances observed in the 26Mg(γ,n)25Mg [10] reaction.
Note that the neutron energies En, corresponding to the
EL values of Ref. [10], given in the footnote of Table
3 of Ref. [27] are incorrect. The former resonance was
assigned as Jpi=1− in Ref. [10] and is a strong resonance
in 25Mg(n,γ)26Mg but because it is barely visible in the
natMg+n total cross section data, it is not possible to
make a firm Jpi assignment based on the data of Ref.
[18]. The total width fitted in the present work is in
agreement with Ref. [18] but the capture kernel I ob-
tained is 30% smaller. The Jpi value of the EL=63.2-keV
resonance is not discussed in Ref. [10], but the firm 2+
assignment from the present work is consistent with the
small size of the peak in the 26Mg(γ,n)25Mg data.
The precision of the width of the En=81.13-keV reso-
nance given in Ref. [18] seems insupportable. This res-
onance could not be observed in the total cross section
due to a nearby broad 24Mg+n resonance; hence, only
6the area and width of the peak in the 25Mg(n,γ)26Mg
data can be used to determine the resonance parame-
ters. The resolution of the experiment at this energy was
120 eV, or five times the width of the resonance assigned
in Ref. [18]. I found that the data could be well fitted
with widths as large as 75 eV. Because the data could be
fitted by such a wide range of partial widths, I decided
to hold Γγ fixed at 3 eV and vary only Γn while fitting
the data.
The state in Ref. [15] at Ex=11191 keV (En=102 keV)
was not observed in this work, but its existence can not
be ruled out due to the presence of the broad resonance
at En=100.007 keV.
A state at Ex=11194.5 keV (En=105.5 keV) is listed
as a firm Jpi=2+ assignment having a fairly large width
(Γ=10±2 keV) in Refs. [14, 15] and apparently is based
on the work of Ref. [18] in which a weak resonance was
assigned at En=105.8 keV, although no width is given in
this latter reference. Such a broad resonance easily would
be visible in the total cross section data analyzed in this
work, but there is no sign of it. Perhaps the compilers
have confused it with the broad resonance at En=100.007
keV. Although it is possible to add a small resonance at
En=105.8 keV, the fit to the data is not improved by its
inclusion.
A doublet is required to fit the data near En=201 keV
rather than the single resonance listed in previous work.
The lower resonance in this pair has a much larger neu-
tron width than the upper one and definitely can be as-
signed as J=1. It appears to correspond to the EL=182
keV (En=204 keV) resonance in
26Mg(γ,n)25Mg [10] and
so is assigned natural parity in Table III.
The width of the resonance at En=211.20 keV fitted
in this work is three times larger than determined in Ref.
[18] and reported in Refs. [14, 15]. Although it is clear
that there is a broad 25Mg+n resonance at this energy,
the data could not be fitted as well as one would like
with any single resonance, although it is clear a broad
s-wave resonance is ruled out. There is also a fairly weak
resonance just below the 211.20-keV resonance visible in
the total cross section data. Because there is no sign of
this resonance in the 25Mg(n,γ)26Mg data, it is likely to
be due to one of the other two Mg isotopes.
B. Which neutron resonance corresponds to the
lowest energy 22Ne(α,n)25Mg resonance?
There are four neutron resonances (En=226.19,
242.45, 244.58, and 245.57 keV) near the energy
(En=235±2 keV) corresponding to the lowest observed
22Ne(α,n)25Mg resonance. None of these four reso-
nances has an energy in agreement with the reported
22Ne(α,n)25Mg resonance to within the experimental
uncertainties, but only one (En=244.58 keV) is broad
enough to corresponed to the width reported in the lat-
est 22Ne(α,n)25Mg measurements [9]. It appears that
either the width or the energy reported in Ref. [9] is
in error, and if the reported width is correct, then the
partial widths determined in this work indicate that dif-
ferent resonances near this energy have been observed in
the 22Ne(α,n)25Mg and 22Ne(α,γ)26Mg reactions.
The first two neutron resonances in this region
(En=226.19 and 242.45 keV) are visible only as small
peaks in the 25Mg(n,γ)26Mg data; hence, they have rel-
atively small neutron widths. The higher-energy one
has not been reported in any previous work. The
upper two resonances in this region (En=244.58, and
245.57 keV) appear as a partially resolved doublet in the
25Mg(n,γ)26Mg data. Only the lower-energy one of this
pair is visible in the natMg+n total cross section data,
via which it definitely can be assigned J=1.
In addition to the previous analysis of these data [18]
and the 22Ne(α,n)25Mg [5, 6, 7, 9] work, resonances near
this energy have been identified in 26Mg(γ,n)25Mg [10],
22Ne(α,γ)26Mg [27], and 22Ne(6Li,d)26Mg [8] measure-
ments. Data from the latter two and 22Ne(α,n)25Mg
reactions have been interpreted as having observed the
same state in 26Mg corresponding to an Eα ≈830-keV
resonance. If the fairly large width reported in Ref. [9]
is correct, then the bulk of the width must be due to
the neutron channel and a corresponding resonance easily
would be visible in the data of Ref. [18]. In this case, the
only possible corresponding resonance is at En=244.58
keV. The energy of this resonance is almost 5 standard
deviations higher than the energy determined in Ref. [9],
but its width is in good agreement with Ref. [9] whereas
all the other neutron resonances near this energy are too
narrow. Given the much superior energy resolution of
the data of Ref. [18], the excellent correspondence of
the energies determined from the natMg+n total cross
section and 25Mg(n,γ)26Mg data, and the vast quantity
of data on other nuclides taken with this apparatus, it
is extremely unlikely that the energy of the En=244.58-
keV resonance could be in error by such a large amount.
Therefore, if the width in Ref. [9] is correct, then the
reported energy must be almost 10 keV too low. Fur-
thermore, if the width for the Eα=832-keV resonance
reported in Ref. [9] is correct, then the parameters re-
ported in that work and Ref. [27] indicate that differ-
ent resonances were observed in the 22Ne(α,γ)26Mg and
22Ne(α,n)25Mg measurements, and the partial widths de-
termined in this work indicate that the resonance ob-
served in the 22Ne(α,γ)26Mg measurements would not be
seen in the 22Ne(α,n)25Mg measurements and vice versa.
The width (Γ=250±170 eV) and strength (ωγ(α,n) =
(2J+1)ΓαΓn/Γ = 118±11 µeV) for the Eα=832±2-keV
resonance from the 22Ne(α,n)25Mg measurements [9], to-
gether with the strength (ωγ(α,γ) = (2J + 1)ΓαΓγ/Γ =
36 ± 4 µeV) of the Eα=828±5-keV resonance from the
22Ne(α,γ)26Mg measurements [27] imply Γγ=58 eV if
the same resonance is being observed in both reactions.
This is almost 20 times larger than the average radiation
width for 26Mg and, although radiation widths vary more
widely in this mass range than for heavier nuclides, it is
considerably larger than any reported radiation width
7for nuclides in this mass range. Furthermore, the partial
widths resulting from assuming the same resonance has
been observed in both the (α,n) and (α,γ) channels imply
a capture kernel (gΓnΓγ/Γ) roughly ten times larger than
observed for any of the four 25Mg(n,γ)26Mg resonances
near this energy.
If instead different resonances were observed in the
(α,n) and (α,γ) reactions, then the strength of the res-
onance observed in 22Ne(α,n)25Mg together with the
partial widths for the En=244.58-keV resonance from
the present work (Γn/Γγ = 117) imply a resonance
strength in the 22Ne(α,γ)26Mg reaction of ωγ(α,γ)=1.0
µeV, well below the sensitivity of the measurements of
Ref. [27]. Similarly, if the Eα=828-keV resonance from
22Ne(α,γ)26Mg is identified with either the En=226.19-
or 242.45-keV resonance from the present work, then
the strength from the 22Ne(α,γ)26Mg measurements to-
gether with the partial widths from the present work im-
ply a strength in the 22Ne(α,n)25Mg reaction of about
ωγ(α,n)=10 µeV. This is smaller than any resonance re-
ported in Ref. [9], and in any case would have been
obscured by the much stronger Eα=832-keV resonance
if indeed different resonances near this energy were be-
ing observed in the 22Ne(α,n)25Mg and 22Ne(α,γ)26Mg
reactions.
Alternatively, if the width reported in Ref. [9] for the
Eα=832±2-keV resonance is too large, then it is possible
that the same state in 26Mg has been observed in the var-
ious reactions and the corresponding neutron resonance
is at En=226.19 or 242.45 keV. However, the energies
still do not agree to within the reported experimental
uncertainties.
Interestingly, a resonance at EL=224 keV, corre-
sponding to En=250 keV was observed [10] in the
26Mg(γ,n)25Mg reaction and assigned J=1 in agreement
with the En=244.58-keV resonance of the present work,
but it was tentatively assigned as being non-natural par-
ity. Although no energy uncertainties were stated in Ref.
[10], information given in Ref. [26] implies that the en-
ergy of the EL=224-keV resonance corresponds to the
En=244.58-keV resonance observed in this work to well
within the experimental uncertainties. Also, a state in
26Mg at Ex=11311±20 keV (corresponding to Eα=828
or En=231 keV), having a spectroscopic factor Sα=0.04,
was observed in 22Ne(6Li,d)26Mg measurements [8] and
was assigned Jpi=2+ although 1− could not be ruled
out. Because the energy resolution of the experiment was
fairly broad (∆E=120 keV), these measurements are not
helpful in ascertaining whether there is more than one
22Ne+α resonance near this energy.
C. Higher energy resonances
The possible multiplet identified in Ref. [18] near
En=261 keV clearly shows up as a doublet in both the
25Mg(n,γ)26Mg and natMg+n total cross section data.
The lower-energy resonance of the pair is clearly s-wave
whereas the upper-energy one can be assigned as a defi-
nite J=4 resonance.
The lack of 25Mg(n,γ)26Mg data was a severe handicap
to the analysis above this energy. However, the analysis
was continued to En=500 keV in an attempt to over-
lap with the 22Ne(α,n)25Mg data as much as possible.
Of the eight resonances listed in Ref. [15] in this re-
gion, three were observed, two of which correspond to
22Ne(α,n)25Mg resonances.
The second and third lowest energy 22Ne(α,n)25Mg
resonances [9] at Eα= 976, and 1000 keV appear to
correspond to the En= 361.88-, and 387.35-keV reso-
nances, respectively, observed in this work. There is
fairly good agreement in the widths and energies between
the neutron and 22Ne(α,n)25Mg data. Curiously, the
J-values required to fit the neutron data imply rather
high lα values for these two resonances. Because the
En=387.35-keV resonance is also observed as a resonance
at Eα=1000 keV in the
22Ne(α,n)25Mg reaction, it is as-
signed as natural parity (ln=3) in Table III even though
f -waves were not included in the R-matrix analysis. It
should make little difference to the quality of the fit to
the data that the fitted cross section was calculated with
a d -wave rather than an f -wave resonance at this energy.
IV. IMPACT ON THE 22Ne (α, n)25Mg
ASTROPHYSICAL REACTION RATE
At s-process temperatures, the uncertainty in the
22Ne(α,n)25Mg reaction rate is dominated by possible
contributions from undetected resonances below the low-
est observed resonance at Eα=832 keV. Most previ-
ous evaluations of this rate have assumed either that
all the known states, or at most only a single state,
in 26Mg in this energy range can contribute to the re-
action rate. To contribute to this reaction rate, the
state must have natural parity. Two [14] or three [15]
states in this region have been assigned natural parity
in the compilations. As discussed above, two of these
states do not even exist, let alone have natural parity.
The third (Ex=11112.18, En=19.880 keV) was identi-
fied via the neutron total cross section measurements
of Ref. [17] and this assignment was verified in the
present work. In addition, another state (Ex=11162.95,
En=72.674 keV) has been assigned definite natural parity
(Jpi=2+) in the present work, two others (Ex=11169.32,
11189.23, En=79.30, 100.007 keV) have been assigned
definite non-natural parity (Jpi=3+), and together with
information from 26Mg(γ,n)25Mgmeasurements [10], two
more (Ex=11153.40, 11285.65, En=62.738, 200.285 keV)
can be assigned as very likely natural parity (Jpi=1−).
Therefore, at the very least four states of the 16 (17 if the
Ex=11191, En=102 keV state of Ref. [15] is included)
in this energy range should be included when estimat-
ing the contributions of possible low-energy resonances
to the 22Ne(α,n)25Mg reaction rate, and two states defi-
nitely can be eliminated from consideration.
8The yields below the lowest observed 22Ne(α,n)25Mg
resonance together with the quoted upper limit on the
strength of the possible Eα=635-keV resonance from
Ref. [9] can be used to estimate the contributions of
this and other possible unobserved resonances to the
22Ne(α,n)25Mg reaction rate. Assuming that the thick
target approximation applies [28], the upper limit on the
resonance strength (ωγ2) of a possible resonance at en-
ergy E2 having yield Y2 scales from the measured limits
on the strength (ωγ1) and yield (Y1) of the Eα=E1=635-
keV resonance as:
ωγ
2
= ωγ1
Y2E2
Y1E1
. (1)
The yield limits of Ref. [9] in this energy are approxi-
mately constant, so I simply scaled the strengths of possi-
ble low-energy resonances from the measured limit for the
Eα=635-keV resonance according to their energies. The
contribution of these resonances to the 22Ne(α,n)25Mg
reaction rate then can be estimated using the simple δ-
resonance formula [29]:
NA < σv >r= 1.54× 10
5A−3/2T
−3/2
9 (ωγ)e
−11.605Er/T9 .
(2)
Here A is the reduced mass, T9 is the temperature in
GK, (ωγ)r is the resonance strength in eV, Er is the
c.m. resonance energy in MeV, and NA < σv > is the
reaction rate in cm3/s/mole. However, in some cases the
widths of the resonances may be important, so I also
calculated the reaction rate by numerically integrating
the cross section calculated from the resonance param-
eters. To do this, I used the definitions of the reso-
nance strength (ωγ(α,n) = (2J + 1)ΓαΓn/Γ) and total
width (Γ = Γn + Γγ + Γα) to calculate the alpha widths
(Γα =
ωγ(Γn+Γγ)
(2J+1)Γn−ωγ
) from the scaled resonance strengths
as well as the partial widths determined in the present
work. Then, I used these partial widths in SAMMY to
calculate the 25Mg(n,α)22Ne cross section, from which
the 22Ne(α,n)25Mg cross section was calculated using de-
tailed balance. The two approaches were in satisfactory
agreement for the purposes of the present work. For ex-
ample, using the measured [9] upper limit for the strength
of the Eα=635-keV resonance of 60 neV and the J
pi, Γn,
and Γγ values for the En=62.738-keV resonance in Table
III leads to Γα<27 neV, and a reaction rate at T9=0.1 of
3.3×10−29 cm3/s/mole from numerical integration and
3.4×10−29 cm3/s/mole from the δ-resonance formula.
The contributions of the two definite natural parity
(Jpi=2+, En=19.880 and 72.674 keV) states and one very
likely natural parity state (Jpi=1−, En=62.738 keV) to
the uncertainty in the reaction rate are shown in Fig. 3.
Shown in this figure are the reaction rates due to each
of the resonances divided by the difference between the
“High” and “Recomm.” rates of Ref. [9]. The other
very likely natural parity state (Jpi=1−, En=200.285
keV) contributes much less to the uncertainty so it is
not shown. As can be seen in Fig. 3, the present results
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FIG. 3: Ratios of the individual contributions of three pos-
sible resonances (labeled by their laboratory alpha-particle
energies and Jpi values) to the 22Ne(α,n)25Mg reaction rate
to the uncertainty (“High”-“Recomm.”) of Ref. [9] versus
temperature.
indicate that the uncertainty in the reaction rate calcu-
lated in Ref. [9] is approximately a factor of 10 too small
at s-process temperatures. Most of the increase in the
uncertainty indicated by the present work results from
inclusion of the En=19.880-keV resonance. The natural-
parity nature of this state has been known for many years
[17], but it often has been overlooked when estimating
the uncertainty in the 22Ne(α,n)25Mg reaction rate. In-
stead, most of the attention has been focussed on the
En=62.738-keV resonance since attention was first called
to it in Ref. [10]. The contribution of the En=62.738-
keV resonance to the reaction rate uncertainty appears
to have been underestimated by a factor of two in Ref.
[9]. Both the δ-resonance formula and numerical integra-
tion results using a resonance strength of 60 neV yield a
reaction rate approximately twice as large as the “High”
rate of Ref. [9] at the lower temperatures where their
“High” rate is due mostly to this resonance. The rea-
son for this difference is unknown, but the δ-resonance
formula and numerical integration results were verified
by a third technique [30] in which the reaction rate was
calculated using a Breit-Wigner resonance shape.
Another effect that has been overlooked in previous
evaluations of the 22Ne(α,n)25Mg reaction rate is the
uncertainty due to the resonance energy. As limits for
resonance strengths are pushed lower and lower, the un-
certainty in the energy of the resonance can become a
significant effect. For example, in Ref. [9] the energy of
the possible Eα=635-keV resonance was estimated to be
uncertain by ±10 keV. Using Eq. 2, this uncertainty in
the resonance energy translates to a factor of 2.7 uncer-
tainty in the reaction rate at T9=0.2, which is comparable
to the total uncertainty of a factor of 5.9 (“High”/“Low”)
at this temperature recommended in Ref. [9]. Although
9it is questionable that the energy of this state so uncer-
tain, the results of the present work should make it clear
that energies resulting from analysis of the neutron data
are so precise that this source of uncertainty now is prac-
tically eliminated.
V. SUMMARY AND CONCLUSIONS
I have analyzed previously reported natMg+n total and
25Mg(n,γ) cross sections to obtain parameters for reso-
nances below En=500 keV. With a few notable excep-
tions, the obtained 24Mg+n and 26Mg+n parameters are
in agreement with previous results to within the experi-
mental uncertainties. The main focus of the present work
has been to obtain an improved set of 25Mg+n parame-
ters and hence an improved estimate of the uncertainty
in the 22Ne(α,n)25Mg astrophysical reaction rate. This
reaction is the main neutron source during the weak com-
ponent of the s-process nucleosynthesis as well as a sec-
ondary neutron source during the main component of the
s process. The uncertainty in this rate at s-process tem-
peratures is dominated by possible contributions from
resonances between threshold and the lowest observed
resonance.
The new 25Mg+n parameter set represents a substan-
tial improvement over previous work. For example, sev-
eral Jpi assignments were made and the partial widths
for most resonances were determined. In the previous
analysis, no definite Jpi assignments were made and very
few partial widths were reported. Also, one previously
reported [18] resonance was not observed and, if it does
exist, has a width much smaller than reported in compi-
lations [14, 15]. In addition, four new resonances were ob-
served in this energy range. Furthermore, corresponding
resonances were found for all three of the 22Ne(α,n)25Mg
resonances as well as the four 26Mg(γ,n)25Mg resonances
reported [9, 10] in this energy range, although the energy
or width of the lowest 22Ne(α,n)25Mg resonances appears
to be in error.
Only natural parity states in 26Mg can contribute to
the 22Ne(α,n)25Mg reaction rate. Much attention has
been focused on a 26Mg(γ,n)25Mg resonance at EL=54.3
keV because it very likely has natural parity and there-
fore could correspond to a 22Ne(α,n)25Mg resonance at
Eα=636 keV, nearly the optimal energy to make a large
contribution to the reaction rate at s-process tempera-
tures. The R-matrix analysis of the present work re-
vealed that of the 16 states observed, there are at least
two, and very likely three, other definite natural par-
ity states in 26Mg in this energy range and two defi-
nite non-natural parity states. The parameters for these
natural parity states, together with yield limits from a
recent 22Ne(α,n)25Mg measurement [9] have been used
to estimate the contributions of these states to this re-
action rate. In a recent report [9], only one of these
states (Eα=636 keV) was considered, and it was con-
cluded that the uncertainty in the reaction rate was much
less than previously estimated. However, using the upper
limit on the resonance strength of the possible Eα=636-
keV resonance reported in this reference, I calculate that
they have underestimated the uncertainty due to this
resonance alone by a factor of two. More importantly,
the definite natural parity resonance at En=19.880 keV,
which corresponds to a possible 22Ne(α,n)25Mg reso-
nance at Eα=588 keV, contributes a ten times larger
uncertainty to the rate at s-process temperatures.
There are still at least 10 more states in 26Mg ob-
served in the neutron data that could contribute to the
22Ne(α,n)25Mg reaction rate. It was not possible to
make definite Jpi assignments for these resonances be-
cause 25Mg comprises only 10% of the natMg sample used
in the total cross section measurements analyzed in this
work. New high-resolution total cross section measure-
ments on highly-enriched 25Mg samples could go a long
way towards discerning how many of these states have
natural parity. It may be that neutron elastic scattering
measurements would also be needed in the more difficult
cases. In addition, it would be useful to determine the
energy and width of the lowest observed 22Ne(α,n)25Mg
resonance with improved precision. At present, the re-
ported energy is not in good agreement with any observed
neutron resonance, and the reported width implies that
a different state at nearly the same energy has been ob-
served in 22Ne(α,γ)26Mg measurements.
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